study also describes sex differences in the expression of several autosomal genes, as previously observed (Kang et al., 2011) . The biology that underlies and results from the gene expression differences between males and females may provide insight into neurodevelopmental disorders that differentially afflict men and women such as autism.
Finally, the results call into question the prevailing cytoarchitecture-based hexalaminar nomenclature used for the neocortex. For example, in this study the authors show that what is presently known as layer 4A in primary visual cortex is transcriptionally far more similar to layer 3 than to other layer 4 sublaminae. Interestingly, Hassler and Stephan (1966) and subsequently Casagrande and Kaas (1994) arrived to similar conclusions by tracing neuronal connections. If further work demonstrates this clustering is driven by excitatory neurons, a genetically informed reconsideration of laminar nomenclature may be in order.
In this issue of Neuron, Harwell et al. (2012) identify a new role for the secreted molecule Shh and its receptor Boc in synapse formation. These results add an unexpected new player to the expanding list of extracellular cues regulating the spatial specificity of synapse formation.
The neocortex is a laminated structure composed of billions of neurons that make synaptic connections with distant and interspersed populations of neurons located both within the neocortex and throughout the central nervous system (CNS). The past two decades have been extremely fruitful in identifying some of the molecular mechanisms regulating the ability of axons to navigate through the CNS and find their target structure. However, less is known about the mechanisms regulating the final choice that neurons have to make within a given target region. There, a daunting task still awaits the axon: to make synaptic contacts with a few hundred/thousand neurons among millions of possible postsynaptic targets (Sanes and Zipursky, 2010) . This problem of synaptic specificity has received a lot of attention recently and the list of extracellular cues regulating this critical step is rapidly expanding (de Wit et al., 2011; Shen and Scheiffele, 2010) . In this issue of Neuron, the Kriegstein lab expands the portfolio of Shh functions by demonstrating its involvement in the formation of functional synaptic contacts between specific subpopulations of cortical neurons (Harwell et al., 2012) .
The Shh pathway plays several critical functions as a patterning cue during early brain development by regulating gene expression, cell-fate specification, as well as neural progenitor proliferation. Previous work also suggested that Shh expression is maintained in specific parts of the adult brain linked to adult neurogenesis (Ahn and Joyner, 2005; Palma et al., 2005) . These early patterning functions of Shh and other Hedgehog family members are mediated by the transmembrane receptor Patched (Ptch) and the seven-pass transmembrane protein Smoothened (Smo) which signals through a ''canonical'' signaling pathway involving transcriptional regulators of the Gli family (Lum and Beachy, 2004) . Surprisingly, Shh was more recently involved in axon guidance independently of its patterning functions (Charron et al., 2003) . This axon guidance function is mediated by activation of a ''noncanonical'' receptor called Brother Of CDO (Boc), a Robo-related Ig/fibronectin superfamily member that can bind with high affinity to Shh and other Hedgehog family members (Okada et al., 2006) .
Callosal projections represents a great illustration of the precise, layer-specific, synaptic organization of cortical circuits (Fame et al., 2011; Figures 1A and 1B) : neurons from the superficial layers 2/3 have their axon projecting medially through the corpus callosum to establish topographically organized connections with the equivalent areal position in the controlateral hemisphere. These projections are layer specific, making glutamatergic excitatory synaptic connections mainly with layer 5 pyramidal neurons projecting subcortically and with other layer 2/3 pyramidal neurons ( Figures 1A and 1B). The axons of layer 2/3 callosally projecting neurons also make excitatory synaptic contacts with layer 5 neurons ipsilaterally ( Figures 1A and 1B) . The molecular mechanisms underlying the establishment of these layer-specific patterns of synaptic connectivity are largely unknown.
In the present study, Harwell et al. (2012) observed that Shh expression persists in the postnatal mouse neocortex long after its ''patterning'' function during embryonic development is over. Interestingly, Shh expression is largely restricted to pyramidal neurons in layer 5. Using combination of retrograde axon tracing, layer-specific marker expression and lineage tracing using a Shh-Cre;Rosa26-LoxP-STOP-LoxP-YFP reporter mouse (B) During cortical development, controlateral and ipsilateral callosal axons (green) establish synaptic contacts (red) with the dendrites of layer 5 subcortically projecting neurons (blue). The authors provide multiple lines of evidence showing that the axons of callosally projecting layer 2/3 neurons which express Boc, respond to Shh in layer 5 which promotes the establishment of functional synaptic contacts between these two neuronal populations. (C) In the conditional Shh knockout mouse as well as in the constitutive Boc knockout mouse, the authors report a significant decrease in dendritic arborization of layer 5 pyramidal neurons, a reduction in the density of presynaptic contacts made by axons from layer 2/3 neurons. Interestingly, no such defects were observed for dendrites and axons in layer 2/3 suggesting that the defects are restricted to layer 5. (D) Potential signaling events mediating the function of Boc presynaptically (see text for details).
line, the authors identified that Shh expression is largely restricted to CTIP2-positive, corticospinal-projecting neurons of layer 5b. Conditional deletion of Shh from most pyramidal glutamatergic neocortical neurons by crossing conditional Shh knockout mice with the dorsal telencephalon-specific driver Emx1
Cre (Gorski et al., 2002) has no major consequence on brain patterning, most likely because it does not disrupt Shh expression at the ventral midline where it plays its patterning function in the embryonic telencephalon. Conditional deletion of Shh seemed to have little or no effect on the number, survival, and axon guidance of corticospinal projecting neurons. However, the authors observed layer-specific dendritic defects: in Shh cKO brains, neurons displayed reduced dendritic arborization and a reduced spine density specifically in layer 5, whereas neurons from superficial layers 2/3 appeared unaffected. Moreover, electrophysiological recording identified a decrease in mEPSC frequency in layer 5 pyramidal neurons, but not layer 2/3 pyramidal neurons, suggesting that the observed dendritic defects might be caused by a cell non-autonomous function of Shh during synaptic formation within layer 5.
Shh functions as an extracellular diffusible factor that forms local gradients to which neighboring cells respond. The next obvious question was to identify the receptor mediating the response to the local secretion of Shh in layer 5b. Interestingly, Harwell et al. (2012) observed that complementary to Shh, Boc is expressed in layers 2/3 callosally projecting neurons and that its expression increases from postnatal day 4 (P4) to P14, compatible with a role in cortical synaptogenesis. Despite its strong expression in the developing brain, constitutive Boc knockout mice are viable and do not present obvious effects on neurogenesis, neuronal migration, or axon guidance during cortical development. However, the authors observed that Boc knockout phenocopies the Shh conditional knockout with regard to layer-5-specific reduction of dendritic complexity and spine density, whereas layer 2/3 neurons were unaffected.
At this point, the authors proposed a working model where Boc-expressing axons from layer 2/3 callosally projecting neurons might establish functional synaptic contacts with layer 5 pyramidal neurons in a Shh-dependent manner. Harwell et al. (2012) went on to test this hypothesis using in utero electroporation (IUE) at E15 which allows to manipulate gene expression in the dividing progenitors giving rise to layer 2/3 neurons. The authors first expressed the presynaptic marker synaptophysin-GFP in these neurons and observed a significant reduction of the density of presynaptic contacts in layer 5 (but not layer 2/3) in both Boc knockout or Shh conditional knockout mice ( Figure 1C) . Finally, the authors used an elegant optogenetic approach to assess the functional consequences of disrupting Boc or Shh expression on synaptic transmission between layer 2/3 axons and other layer 2/3 neurons as opposed to layer 5 neurons. Following IUE of Channelrhodopsin at E15, the authors could induce light-activated depolarization of layer 2/3 neurons and record evoked responses in postsynaptic neurons in layer 5 or other layer 2/3 neurons. This functional approach confirmed that layer 5 neurons received virtually no synaptic inputs from superficial layer neurons in Boc or Shh KO mice, whereas the same axons from layer 2/3 neurons established normal synaptic connections with other layer 2/3 neurons. These results indicate that Shh expression by the dendrites of layer 5 neurons is required for the establishment of functional synaptic contacts by Bocexpressing axons of layer 2/3 callosally projecting neurons. This paper clearly sheds new light onto the molecular mechanisms underlying the establishment of synaptic connectivity in the developing cortex and reveals a new and unexpected function for Shh and its ''noncanonical'' receptor Boc. It also raises several important questions for future investigation: (1) what are the signaling mechanisms mediating Boc receptor function during the establishment or the stabilization of functional presynaptic contacts? Little is known about how Boc mediate its downstream effects in axon guidance but work from the Charron laboratory has recently shown that Boc receptor function in the growth cone requires the activation of the nonreceptor tyrosine kinase Src and local regulation of cytoskeletal dynamics rather than the ''canonical'' Gli-dependent transcriptional response (Yam et al., 2009 ). However, one could imagine that the effect of Shh/Boc signaling in synaptogenesis requires a combination of ''noncanonical'' and ''canonical'' signaling involving both local transcriptionindependent and global transcriptiondependent responses ( Figure 1D ). (2) Does Shh/Boc signaling regulate synaptogenesis directly (for example by regulating presynaptic formation) or indirectly by regulating the activity or expression of ''synaptogenic'' molecules such as Neurexins/Neuregulins? (3) In the same vein, it is clear that the development of layer-specific callosal axon projections is activity dependent (Wang et al., 2007) and therefore, Shh/Boc could play an instructive role, for example by directly regulating presynaptic differentiation or it could play a permissive role, for example by gating responsiveness to activity-dependent signals in turn promoting synaptic formation/stabilization. This study clearly opens a whole new field of investigations that will tackle some of these open questions in the near future. Furthermore, recent evidence has suggested that several ''classical'' patterning cues such as Shh, Wnts, FGFs, and BMPs also play roles in axon guidance (Charron and Tessier-Lavigne, 2005) . The present work presents interesting similarities with recent work demonstrating that Wnts are also critical regulators of synaptic development (Salinas and Zou, 2008 ). This will undoubtedly prompt investigators to test if other ''patterning'' molecules play similar roles. Clearly, nature plays an interesting recycling game by reusing the same cues to regulate significantly different cellular responses during development ranging from embryonic patterning to synapse formation.
How rapidly does learning shape our brains? A new study in this issue of Neuron by Sagi et al. (2012) that uses diffusion magnetic resonance imaging in both humans and rats suggests that just 2 hr of spatial learning is sufficient to change brain structure.
We continue to learn new skills and refine our existing abilities throughout life. To what extent does this ongoing learning shape our brain structure? We know from studies of highly skilled populations that the brains of experts are unusual: London taxi drivers have a larger posterior hippocampus, for example (Maguire et al., 2000) , which presumably supports their unrivalled skills in navigating the labyrinthine streets of the city. However, these experts have experienced many years of training, and such cross-sectional studies can always potentially be explained by preexisting differences in brain structure that determine our behavior. Longitudinal studies, in which the same individuals are followed over time, provide more direct insights into how experience shapes the brain. When novices are taught to juggle over a period of weeks to months, for example, this increases gray matter volume and changes white matter organization in brain systems involved in visuomotor coordination (Draganski et al., 2004; Scholz et al., 2009) .
So experience shapes brain structure and neuroimaging provides us with a window into this structural change in humans. But how rapidly do such changes occur? Human studies of structural plasticity to date have considered periods of weeks to months of training. Yet experiments in nonhuman animals suggest that structural remodeling is a rapid, dynamic process that can be detected over much shorter timescales. Two-photon microscopy studies in rodents, for example, reveal increases in the number of dendritic spines in motor cortex within 1 hr of training on a novel reaching task (Fu and Zuo, 2011) .
In this issue of Neuron, Sagi and colleagues provide the first evidence that rapid structural plasticity can be detected in humans after just 2 hr of playing a video game (Sagi et al., 2012) . The researchers used diffusion magnetic resonance imaging, which is sensitive to the self-diffusion of water molecules, to assess brain structure. Water diffusion in the brain depends on tissue architecture; if there is more space between obstacles (such as neurons, glial cells, blood vessels), then water diffuses more freely. If there is less space (as might occur if cells or blood vessels increase in size or number), then water diffuses less freely. Mean diffusivity (MD) therefore provides a probe of tissue structure. Maps of MD across the whole brain were derived from brain scans taken 2 hr apart. During the 2 hr interval, one group of participants played a car racing game that required them to repeatedly navigate around the same track; their steady improvement in performance demonstrated that they were gradually learning the layout of the track. In a control group, participants drove around a different track on each trial, so although they had a similar driving experience, they did not learn any specific spatial information. A second control group did not play the driving game during the interval period. Comparing the MD maps from the different groups revealed that the spatial learning group showed a specific decrease in MD in the hippocampus and parahippocampus, structures known to be particularly important for spatial learning and memory encoding. This decrease was behaviorally relevant: faster learners showed greater decreases in MD.
